The cytochrome P450 (CYP) enzymes participate in a wide range of biochemical functions, including metabolism of arachidonic acid and steroid hormones. Mouse CYP2J5 is abundant in the kidney where its products, the cis-epoxyeicosatrienoic acids (EETs), modulate sodium transport and vascular tone. To define the physiological role of CYP2J5 in the kidney, knockout mice were generated using a conventional gene targeting approach. Cyp2j5 (؊/؊) mice develop normally and exhibit no overt renal pathology. While renal EET biosynthesis was apparently unaffected by the absence of CYP2J5, deficiency of this CYP in female mice was associated with increased blood pressure, enhanced proximal tubular transport rates, and exaggerated afferent arteriolar responses to angiotensin II and endothelin I. Interestingly, plasma 17␤-estradiol levels were reduced in female Cyp2j5 (؊/؊) mice and estrogen replacement restored blood pressure and vascular responsiveness to normal levels. There was no evidence of enhanced estrogen metabolism, or altered expression or activities of steroidogenic enzymes in female Cyp2j5 (؊/؊) mice, but their plasma levels of luteinizing hormone and follicle stimulating hormone were inappropriately low. Together, our findings illustrate a sex-specific role for CYP2J5 in regulation of blood pressure, proximal tubular transport, and afferent arteriolar responsiveness via an estrogen-dependent mechanism.-Athirakul, K., Bradbury, J. A., Graves, J. P., DeGraff, L. M., Ma, J., Zhao, Y., Couse, J. The cytochrome P450 (CYP) enzymes have diverse physiological functions that contribute to sodium homeostasis, control of vasomotor tone, and hormone metabolism (1-3). A role for CYPs in blood pressure regulation was initially suggested based on their ability to generate biologically active metabolites of arachidonic acid (AA) with the capacity to modulate renal tubular function and vascular tone (1, 2, 4). For example, 20-hydroxyeicosatetranoic acid (HETE), which is produced by CYP4A subfamily enzymes, is a potent vasoconstrictor and inhibits sodium retention in the kidney (4 -6). In contrast, cis-epoxyeicosatrienoic acids (EETs), which are produced by members of the CYP2C and CYP2J subfamilies, dilate blood vessels and have potent natriuretic effects (4, 7, 8) . While the biological actions of EETs and HETEs suggest a capacity for these eicosanoids to participate in blood pressure homeostasis, direct evidence to support the involvement of CYP epoxygenases and CYP -hydroxylases in the pathogenesis of hypertension is somewhat limited. Renal CYP epoxygenases are under regulatory control by dietary salt (9), and spontaneously hypertensive rats (SHR) have altered renal CYP epoxygenase and -hydroxylase expression and activity (10, 11). Moreover, urinary excretion of EET metabolites is increased during pregnancy-induced hypertension in humans (12). Additionally, studies in mice demonstrate that disruption of the Cyp4a14 gene causes spontaneous hypertension associated with increased renal 20-HETE formation (13), and disruption of the Cyp4a10 gene causes salt-sensitive hypertension associated with reduced urinary EET excretion (14). Further, recent genetic studies reveal that single nucleotide polymorphisms in the CYP4A11 and CYP2J2 genes are associated with hypertension in humans (15, 16) .
The cytochrome P450 (CYP) enzymes have diverse physiological functions that contribute to sodium homeostasis, control of vasomotor tone, and hormone metabolism (1) (2) (3) . A role for CYPs in blood pressure regulation was initially suggested based on their ability to generate biologically active metabolites of arachidonic acid (AA) with the capacity to modulate renal tubular function and vascular tone (1, 2, 4) . For example, 20-hydroxyeicosatetranoic acid (HETE), which is produced by CYP4A subfamily enzymes, is a potent vasoconstrictor and inhibits sodium retention in the kidney (4 -6) . In contrast, cis-epoxyeicosatrienoic acids (EETs), which are produced by members of the CYP2C and CYP2J subfamilies, dilate blood vessels and have potent natriuretic effects (4, 7, 8) . While the biological actions of EETs and HETEs suggest a capacity for these eicosanoids to participate in blood pressure homeostasis, direct evidence to support the involvement of CYP epoxygenases and CYP -hydroxylases in the pathogenesis of hypertension is somewhat limited. Renal CYP epoxygenases are under regulatory control by dietary salt (9) , and spontaneously hypertensive rats (SHR) have altered renal CYP epoxygenase and -hydroxylase expression and activity (10, 11) . Moreover, urinary excretion of EET metabolites is increased during pregnancy-induced hypertension in humans (12) . Additionally, studies in mice demonstrate that disruption of the Cyp4a14 gene causes spontaneous hypertension associated with increased renal 20-HETE formation (13) , and disruption of the Cyp4a10 gene causes salt-sensitive hypertension associated with reduced urinary EET excretion (14) . Further, recent genetic studies reveal that single nucleotide polymorphisms in the CYP4A11 and CYP2J2 genes are associated with hypertension in humans (15, 16) .
Nevertheless, the role of CYP enzymes in blood pressure homeostasis and control of renal function in vivo remains controversial and in need of further investigation.
We previously identified mouse CYP2J5 and showed that it is expressed primarily in the kidney and is particularly abundant in renal proximal tubules (17) . Moreover, the recombinant CYP2J5 protein is active in the metabolism of AA to EETs (17) . The distinctive tissue distribution and enzymatic properties of CYP2J5 suggest that it may have a role in regulating renal function and blood pressure. Hence, the present study was designed to investigate the physiological functions of this enzyme using mice with targeted disruption of the Cyp2j5 gene.
MATERIALS AND METHODS

Generation of Cyp2j5 deficient mice
The Cyp2j5 gene was cloned from a strain 129/SvEv mouse genomic library and sequenced (GenBank AF218853, AF218854). The gene is 27 kb in length, contains 9 exons and 8 introns, and is located on chromosome 4. The gene targeting strategy (Fig. 1A) involved replacement of exon 9, including the splice signal, with a neomycin resistance cassette such that if a protein were made from the resulting disrupted gene, it would not be functional because it lacks the critical heme binding peptide. Embryonic stem (ES) cells (129/SvEv) were grown, electroporated, and screened using standard methods (18) . Targeted ES cell clones were identified by Southern blotting and confirmed by polymerase chain reaction (PCR) analysis of ES cell genomic DNA using specific probes and primers (see below). Targeted ES cells were microinjected into C57BL/6 blastocysts using standard techniques and implanted into pseudopregnant female mice. Male chimeras were mated with 129/SvEv females to identify germline-competent chimeras that were capable of transferring the genetically modified ES cell genome to their offspring. The targeted Cyp2j5 allele was detected by Southern blotting of tail genomic DNAs and confirmed by PCR analysis. Progeny that were heterozygous for the null mutation [Cyp2j5 (ϩ/Ϫ)] were intercrossed to obtain mice that were homozygous null [Cyp2j5 (Ϫ/Ϫ)] and wild type [Cyp2j5 (ϩ/ϩ)] for the targeted allele. All studies used F3-F10 generation Cyp2j5 (Ϫ/Ϫ) mice and isogenic Cyp2j5 (ϩ/ϩ) littermates as controls. All studies were in accordance with principles outlined in the NIH Guide for the Care and Use of Laboratory Animals and were approved by the animal care and use committees at the respective institutions.
Genotyping Cyp2j5 deficient mice
Southern blotting of mouse genomic DNA was performed using a modification of the protocol described by Sambrook (19) . Briefly, genomic DNAs were digested with XbaI, electrophoresed on 0.8% agarose gels, and transferred by capillary pressure to HybondN nylon membranes (Amersham Biosciences, Inc., Piscataway, NJ, USA). Blots were hybridized with either a 0.24 kb PstI-XbaI Cyp2j5 probe, which corresponds to genomic sequence 3Ј of the short arm of the targeting construct (Fig. 1A) , or a 0.63 kb neomycin probe in QuikHyb Solution (Stratagene, La Jolla, CA, USA). Probes were purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA), labeled with [␣- 32 P]ATP using the Random Primed DNA Labeling Kit (Roche Applied Science, Indianapolis, IN, USA) and purified through NICK Columns (Amersham). The Cyp2j5 probe yielded a single 4.9 kb band in Cyp2j5 (ϩ/ϩ) mice, a single 1.5 kb band in Cyp2j5 (Ϫ/Ϫ) mice, and both 4.9 kb and 1.5 kb bands in Cyp2j5 (ϩ/Ϫ) mice (Fig. 1B) . A single 4.9 kb band was present with the neomycin probe in both Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/Ϫ) mice (Fig. 1B) . Three primers were developed for PCR-based genotyping (Fig. 1A) . The forward primer GG6F (5Ј-AAGAGCTTGTCT-TGGAGAACAGT-3Ј) for identification of the wild-type allele is located in exon 9 of the Cyp2j5 gene. The forward primer NEO (5Ј-GCAGCCTCTGTTCCACATACAC-3Ј) for identification of the disrupted Cyp2j5 allele is located within the neomycin cassette. The reverse primer 5ЈKNOMR (5Ј-GCAT-TCATATGTAAGAACTGGCAG-3Ј) is located in the 3Ј untranslated region of the Cyp2j5 gene distal to the XbaI site. Mouse genomic DNA (200 ng) was used for each 50 l PCR reaction with final concentrations as follows: 0.16 mM dNTPs, 1X reaction buffer (Applied Biosystems, Foster City, CA, USA), 1.92 mM MgCl 2 , 0.001 mM of each primer, and 2.5 U of AmpliTaq ® Gold DNA polymerase (Applied Biosystems). The cycling protocol was as follows: 95°C, 15 min (1 cycle); 95°C, 25 s; 64°C, 30 s; 72°C, 2 min (35 cycles); and 72°C, 7 min (1 cycle). PCR products were separated on 1.2% agarose gels. The NEO & 5ЈKNOMR primers yielded a single 1.4 kb band in Cyp2j5 (ϩ/Ϫ) and Cyp2j5 (Ϫ/Ϫ) mice, whereas the GG6F & 5ЈKNOMR primers yielded a single 1.6 kb band in Cyp2j5 (ϩ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice (Fig. 1B ).
Blood pressure measurements and transthoracic echocardiography
Mice were maintained in the animal care facility at the National Institute of Environmental Health Sciences (NIEHS) and Duke University Medical Center according to U.S. National Institutes of Health (NIH) guidelines. Mice were fed a normal-salt diet (0.4% NaCl, Harlan-Teklad, Madison, WI, USA) and had free access to water. For some studies, mice were fed either a low-salt (Ͻ0.04% NaCl) or a high-salt (6% NaCl) diet. All studies were done with adult mice (12-18 wk) .
Systolic blood pressure (SBP) was measured noninvasively in conscious Cyp2j5 (ϩ/ϩ) and Cyp2j5 (Ϫ/Ϫ) mice using a computerized tail cuff system equipped with a photoelectric sensor (Visitech Systems, Cary, NC, USA) (20) . This system allows pressure to be measured in 4 mice simultaneously and minimizes the potential for observer bias (20) . Before the study was initiated, mice were trained for adaptation to the apparatus for at least 5 days. Blood pressure measurements were recorded daily and averaged over 21 days for each mouse. The validity of this system has been established previously, and we have demonstrated its correlation with intra-arterial blood pressure measurements in several experimental systems (20) . For some studies, blood pressure was also measured invasively via an indwelling right carotid artery catheter connected to a pressure transducer. Left ventricular mass was measured by 2-dimensional M-mode echocardiography in conscious mice using an HDI 5000 echocardiograph (ATL, Bothell, WA, USA), as described elsewhere (21) . Investigators who performed blood pressure and echocardiographic analyses were masked to mouse genotype.
Sex hormones assays and hormonal manipulations
Blood samples were drawn from retro-orbital veins during the morning hours. Plasma concentrations of 17␤-estradiol, testosterone, and luteinizing hormone (LH) were determined by ultrasensitive radioimmunoassays (Diagnostic Systems Lab- oratories, Inc., Webster, TX, USA) using the manufacturer's protocols. Plasma concentrations of follicle stimulating hormone (FSH) were determined using an immunoradiometric assay from Alpco Diagnostics (Salem, NH, USA). For some studies, 17␤-estradiol was administered by subcutaneous placement of 60-day timed release pellets (0.18 mg/pellet, Innovative Research, Sarasota, FL, USA). This dose has been previously shown to provide physiological levels of estrogen in mice (22) . Some mice also underwent bilateral ovariectomy. Control mice received placebo pellets and underwent sham ovariectomy. Blood pressure measurements were repeated 3 wk following surgery and pellet implantation.
In vitro microperfusion flux studies
To assess the physiological effects of Cyp2j5 disruption on renal tubular function, we measured proximal tubular transport rates in mice. Juxtamedullary and midcortical proximal convoluted tubules from Cyp2j5 (ϩ/ϩ) and Cyp2j5 (Ϫ/Ϫ) mice were perfused in vitro as described elsewhere (23 The bathing solution was identical to the perfusion solution except that it also contained 6 g/dl albumin. Solutions were bubbled with 95% O 2 :5% CO 2 and had pH 7.4. Osmolalities of the perfusion and bathing solutions were adjusted to 295 mosmol/kg H 2 O by the addition of water or NaCl. The osmolalities of the perfusion and bathing solutions were measured with a Wide Range Osmometer (Advanced Instruments, Norwood, MA, USA). The bathing solution was exchanged at a rate of 0.5 ml/min to keep the osmolality and pH constant. Volume absorption (J v , in nl/min/mm) was measured as the difference between the perfusion and collection rates, and normalized per millimeter of tubule length. The collection rate was determined by timed collections using a constant volume pipette. Exhaustively dialyzed [methoxy-3 H]inulin (New England Nuclear, Wellesley, MA, USA) was added to the perfusate at a concentration of 50 Ci/ml so that the perfusion rate could be calculated. The tubule length was measured using an eyepiece micrometer.
Afferent arteriolar responses to vasoactive compounds
The in vitro perfused juxtamedullary nephron preparation was used to assess afferent arteriolar responses to angiotensin II and endothelin I, as described elsewhere (7) . Briefly, after pentobarbital anesthesia (50 mg/kg i.p.) and midline laparotomy, the right renal artery was cannulated through the superior mesenteric artery, and the kidney was immediately perfused with a Tyrode's solution containing 6% albumin and a mixture of l-amino acids. The tissue surface was continuously superfused with a Tyrode's solution containing 1% albumin. Following a 20-min equilibration period, an afferent arteriole was chosen for study and baseline diameter was measured. The control vascular diameter at a renal perfusion pressure of 100 mmHg over a 5-min period was determined. Angiotensin II (0.01-10 nM) was subsequently delivered by superfusion for 5 min and a cumulative concentration curve was obtained. The vessel was allowed to recover and the response to endothelin I (1-10 nM) was determined. Steadystate diameters attained within 2 min were utilized for statistical analysis.
AA metabolism assays
Microsomal fractions were prepared from freshly isolated male and female mouse kidneys, as described elsewhere (17) . Reaction mixtures containing 50 mM Tris-Cl buffer (pH 7.5), 150 mM KCl, 10 mM MgCl 2 , 8 mM sodium isocitrate, 0.5 IU/ml isocitrate dehydrogenase, 1 mM NADPH, 100 M [1-
14 C]AA (25 Ci/mol), and 1-2 mg microsomal protein/ml were incubated at 37°C with constant mixing. At different time points, aliquots were withdrawn, and the reaction products were extracted into diethyl ether and analyzed by reverse-phase HPLC, as described elsewhere (17) . All products were identified by comparing their HPLC properties with those of authentic EET and HETE standards. We also measured levels of endogenous EETs and HETEs in mouse urine. Mice were individually housed in metabolic cages (Hatteras Instruments, Cary, NC, USA) and 24-h urine specimens were collected. Urine was analyzed for levels of epoxy, monohydroxy, and dihydroxy fatty acid derivatives of AA and linoleic acid using established HPLC/MS/MS methods (24) .
Estradiol metabolism assays
Aromatase activity was measured from the release of tritiated water following the metabolism of [1␤- 3 H]androstenedione to estrone as previously described and validated (25) . Assays used 100 g of crude tissue lysate with 300 nM substrate incubated for 6 h at 37°C. The metabolism of estradiol (10 M final concentration of authentic standard with [6, H]17␤-estradiol, 50 Ci/mmol, American Radiochemicals, St. Louis, MO, USA) was examined in tissue lysates (100 g) incubated at 37°C for 6 h with a generating system as described above. Ascorbic acid (10 mM final concentration) was added at the end of the incubation and the reaction was extracted with 5 ml methylene chloride. Extracts were dried, reconstituted together with authentic standards (2-OH, 4-OH, and 6-OH estradiol) in ethyl acetate, and spotted onto silica gel plates (Whatman, Inc., Clifton, NJ, USA) for thinlayer chromatography. Plates were developed once with a mobile phase of chloroform, cyclohexane, and acetic acid (2:2:1), dried, placed overnight on tritium detection screens, and scanned on a phosphorimager.
Northern blotting, reverse transcriptase-PCR (RT-PCR), ribonuclease protection assays, and Western blotting
Tissues were perfused in situ with ice-cold phosphate-buffered saline, dissected free of surrounding tissue, frozen in liquid nitrogen, and stored at -80°C until use. RNA was prepared from frozen tissues using TRIreagent (Molecular Research blot analysis showing absence of CYP2J5 transcripts in male and female Cyp2j5 (Ϫ/Ϫ) kidneys. D) RT-PCR analysis confirming absence of CYP2J5 mRNA in male and female Cyp2j5 (Ϫ/Ϫ) kidneys. E) Immunoblotting showing absence of CYP2J5 protein in male and female Cyp2j5 (Ϫ/Ϫ) kidneys. There were no differences in the expression of CYP4A, CYP2C, or CYP2F subfamily P450s, or in the expression of eNOS and sEH between the genotypes in either males or females.
Center, Cincinnati, OH, USA) according to the manufacturer's instructions. Northern blot analysis was performed using the full-length CYP2J5 cDNA probe or specific 3Ј-untranslated end cDNA probes to CYP4A10, CYP4A12, and CYP4A14, as described elsewhere (13, 17) . Northern blot analysis results were independently confirmed by RT-PCR using CYP2J5 sequence-specific oligonucleotide primers and the GeneAmp RNA PCR Kit (PerkinElmer), as described elsewhere (17) . For real-time RT-PCR, first-strand cDNA was synthesized from DNaseI treated total RNA using the High Capacity cDNA Archive Kit (Applied Biosystems) according to the manufacturer's instructions. The cDNA levels were detected using the TaqMan Universal PCR Master Mix (Applied Biosystems) on an ABI Prism 7700 HT Sequence Detection System (Applied Biosystems). The following specific probes and primers were designed and synthesized by Applied Biosystems: CYP2J5 (Mm00487292_m1), CYP2J9 (Mm00466426_m1), kidney androgen regulated protein (Mm00495104_m1), and insulinlike growth factor 2 (Mm00439563_m1). For cDNA amplification, 50 ng of cDNA was combined with 25 l of TaqMan Universal Master Mix, 2.5 l of the primer/probe mix, and RNase-free water up to a total volume of 50 l. Samples were analyzed in quadruplicate with no template controls and serially diluted concentrations of cDNA sample, from which a standard curve was generated. Amplifications were as follows: 50°C, 2 min; 95°C, 10 min; 40 cycles of 95°C, 15 s; and 60°C, 1 min. Data were analyzed using the 2 -⌬⌬Ct method (26) . Results were normalized to an internal control transcript that encodes glyceraldehyde-3-phosphate dehydrogenase using TaqMan Rodent GAPDH control reagents. Ovarian expression of steroidogenic acute regulatory protein (StAR), cholesterol side-chain cleavage enzyme (CYP11A1), 17␣-hydroxylase (CYP17), 3␤-hydroxysteroid dehydrogenase/isomerase type 1 (3␤-HSD1), 17␤-hydroxysteroid dehydrogenase type 1 (17␤-HSD1), and aromatase (CYP19A1) were evaluated by RNase protection assay (RPA), as described elsewhere (27) . RPA gels were exposed to a phosphorimager screen and data analyzed using a Storm 860 and accompanying ImageQuant software (GE Healthcare, Milwaukee, WI, USA). Because CYP19A1 levels were at or below the level of detection for the RPA, the same samples were also assayed by semiquantitative RT-PCR, as described previously (28) .
Polyclonal rabbit anti-mouse CYP2J5 were prepared as described elsewhere (17) . This antibody has been shown to strongly react with recombinant mouse CYP2J5 but does not cross-react with other mouse P450s (17) . Polyclonal goat anti-rat CYP4A1, which cross-reacts with mouse CYP4A isoforms, was purchased from BD Gentest (San Jose, CA, USA). Polyclonal rabbit anti-human soluble epoxide hydrolase (sEH), which cross-reacts with mouse sEH, was from Dr. Bruce Hammock (University of California, Davis, CA, USA). Polyclonal rabbit anti-endothelial nitric oxide synthase (antieNOS) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal antibodies against the CYP2C-specific peptide RGKLPPGPTPLPII (anti-CYP2C 1548) were prepared as described elsewhere (17) . This antibody reacts primarily with mouse CYP2C29, CYP2C37, CYP2C40, CYP2C44 and, to a lesser extent, with other mouse CYP2C isoforms, but not with non-CYP2C isoforms. Polyclonal rabbit anti-CYP4F was a gift from Dr. Jerome Lasker (Institute for Biomedical Research, Hackensack, NJ, USA). For immunoblotting, microsomal fractions were electrophoresed in 8 -16% Tris glycine gels (80ϫ80ϫ1 mm) purchased from Invitrogen (Carlsbad, CA, USA) and the resolved proteins transferred electrophoretically onto nitrocellulose membranes. Membranes were immunoblotted using primary antibodies (1:1000 or 1:2000 dilution), goat anti-rabbit immunoglobulin G (IgG) or rabbit anti-goat IgG conjugated to horseradish peroxidase (1:2000) (Santa Cruz Biotechnology), and the enhanced chemiluminescence (ECL) Western blotting detection system (Amersham Biosciences), as described elsewhere (17) .
Statistical analysis
Data were analyzed by investigators who were masked to genotype and treatment group assignment. Values are expressed as means Ϯ se. Data were analyzed by ANOVA or Student's t test using Systat software (Systat Inc., San Jose, CA, USA). Values of P Ͻ 0.05 were considered significant.
RESULTS
Generation and initial characterization of Cyp2j5 (؊/؊) Mice
Germline chimeras carrying the Cyp2j5 mutant allele were generated as shown in Fig. 1A and mated to 129/SvEv mice to generate isogenic progeny that were heterozygous for the null mutation. These mice were intercrossed to obtain additional Cyp2j5 (ϩ/Ϫ) breeders and to generate Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice for study. Cyp2j5 (Ϫ/Ϫ) mice developed normally and lacked overt symptoms of disease or organ malformation. Their body weight, serum creatinine, urine output, and urine osmolality were not significantly different from Cyp2j5 (ϩ/ϩ) littermate controls ( Table 1) . Microscopic examination of all tissues including liver, kidney, adrenal, and reproductive organs revealed no significant pathology. Northern blotting with the CYP2J5 cDNA probe (Fig. 1C) and RT-PCR using sequence-specific oligonucleotide primers (Fig. 1D) showed complete absence of CYP2J5 transcripts in Cyp2j5 (Ϫ/Ϫ) kidney RNA. Protein immunoblotting with a specific CYP2J5 antibody (Fig. 1E) showed complete absence of CYP2J5 protein in Cyp2j5 (Ϫ/Ϫ) kidney microsomes, thus confirming functional disruption of the Cyp2j5 gene.
The proportions of surviving Cyp2j5 (ϩ/ϩ), Cyp2j5 (ϩ/Ϫ), and Cyp2j5 (Ϫ/Ϫ) mice from heterozygous matings were similar to expected Mendelian proportions. Moreover, Cyp2j5 (Ϫ/Ϫ) mice had a normal life Values are means ϩ se; n ϭ 14 -17 mice/group. Urine output was measured in a metabolic cage. Urine osmolality was measured with an osmometer. Serum creatinine was measured using a kit from Sigma-Aldrich. To determine the contribution of CYP2J5 to blood pressure homeostasis, we compared blood pressure values measured noninvasively by tail cuff in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice. Interestingly, Cyp2j5 (Ϫ/Ϫ) mice had significantly higher SBP than their corresponding littermate control Cyp2j5 (ϩ/ϩ) mice (114.5Ϯ1.1 vs. 109.5Ϯ1.0 mmHg; nϭ26 -28 mice/group; Pϭ0.001) ( Fig. 2A) . Because of known sex differences in the prevalence of hypertension in rodents and in humans (29 -31), we also analyzed blood pressure data separately for male and female mice. The differences in blood pressure in the entire cohort were driven largely by differences in female mice. Indeed, female Cyp2j5 (Ϫ/Ϫ) mice had significantly higher SBP than female Cyp2j5 (ϩ/ϩ) mice (112.8Ϯ0.8 vs. 107.1Ϯ1.1 mmHg; nϭ12-18 mice/group; Pϭ0.0002) (Fig. 2A) . In contrast, there were no significant differences in SBP between male Cyp2j5 (Ϫ/Ϫ) and male Cyp2j5 (ϩ/ϩ) mice (Fig. 2A) . The hypertensive phenotype of Cyp2j5 (Ϫ/Ϫ) mice was confirmed by invasive blood pressure measurements. Thus, female Cyp2j5 (Ϫ/Ϫ) mice had significantly higher SBP than female Cyp2j5 (ϩ/ϩ) mice (125.0Ϯ5.4 vs. 107.6Ϯ5.4 mmHg; nϭ7-8 mice/group; PϽ0.01) (Fig. 2B) . Moreover, the increased SBP in female Cyp2j5 (Ϫ/ (Fig. 2C) To determine if disruption of the Cyp2j5 gene caused alterations in renal tubular function, we compared proximal tubular transport rates in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) animals. Transport rates from lumen to bath were significantly higher in Cyp2j5 (Ϫ/Ϫ) mice compared to Cyp2j5 (ϩ/ϩ) littermates (1.22Ϯ0.07 vs. 0.99Ϯ0.07 nl/min/mm; nϭ14 mice/group; Pϭ0.03) (Fig. 3A) . However, as in the case of blood pressure, differences between the groups were driven largely by differences in female mice. Thus, female Cyp2j5 (Ϫ/Ϫ) mice had significantly higher tubular transport rates than female Cyp2j5 (ϩ/ϩ) mice (1.29Ϯ0.09 vs. 0.83Ϯ0.09 nl/min/mm; nϭ7 mice/group; Pϭ0.003) (Fig. 3A) . In contrast, there were no significant differences in proximal tubular transport rates between male Cyp2j5 (Ϫ/Ϫ) and male Cyp2j5 (ϩ/ϩ) mice (Fig. 3A) . Together, these data suggest a role for CYP2J5 in regulation of proximal tubular transport in females.
Female Cyp2j5 (؊/؊) mice have increased afferent arteriolar responses to endogenous vasoconstrictors
To study the role of CYP2J5 in modulation of vascular tone and responsiveness, we examined afferent arte- 18.4Ϯ0.7 m; nϭ8 -9; PϭNS, nonsignificant). Both angiotensin II and endothelin I caused significant, dose-dependent constriction of female afferent arterioles; however, responses to both agents were significantly enhanced in arterioles from female Cyp2j5 (Ϫ/Ϫ) mice as compared to arterioles from female Cyp2j5 (ϩ/ϩ) mice (Fig. 4A) . Baseline afferent arteriolar diameters were also similar in male Cyp2j5 (Ϫ/Ϫ) and male Cyp2j5 (ϩ/ϩ) mice (17.3Ϯ0.5 vs. 16.7Ϯ0.5 m; nϭ9 -11; PϭNS), and both angiotensin II and endothelin I caused significant, dose-dependent vasoconstriction of male afferent arterioles. However, in contrast to female responses, responses to both agents were similar in arterioles from male Cyp2j5 (Ϫ/Ϫ) mice and male Cyp2j5 (ϩ/ϩ) mice (Fig. 4B) . Together, these data suggest a role for CYP2J5 in regulation of vascular responsiveness to endogenous vasoconstrictors in females.
Female Cyp2j5 (؊/؊) mice have reduced circulating estrogen levels
Given the sexual dimorphism in blood pressure, proximal tubular transport, and afferent arteriolar response phenotypes of Cyp2j5 (Ϫ/Ϫ) mice, we postulated that disruption of the Cyp2j5 gene might alter circulating sex-hormone levels. Interestingly, plasma 17␤-estradiol levels were significantly lower in female Cyp2j5 (Ϫ/Ϫ) mice than in female Cyp2j5 (ϩ/ϩ) littermate controls (12.0Ϯ3.2 vs. 22.9Ϯ2.0 pg/ml; nϭ15-17 mice/group; Pϭ0.008) (Fig. 5A) . In contrast, there were no significant differences in circulating 17␤-estradiol levels between male Cyp2j5 (Ϫ/Ϫ) and male Cyp2j5 (ϩ/ϩ) mice (Fig. 5A ). Plasma testosterone levels were similar in female Cyp2j5 (Ϫ/Ϫ) and female Cyp2j5 (ϩ/ϩ) mice (0.078Ϯ0.005 vs. 0.081Ϯ0.003 ng/ml, respectively; nϭ8 -12; PϭNS). Plasma testosterone levels were significantly higher in males than in females, but not significantly different between the 2 genotypes (Fig.  5A) . Consistent with the reduced circulating estrogen levels, renal expression of estrogen-inducible genes such as insulin-like growth factor 2 and kidney androgen-regulated protein were down-regulated 5-fold (PϽ0.01) and 2-fold (PϽ0.05), respectively, in Cyp2j5 (Ϫ/Ϫ) females (data not shown).
To determine whether the reduced plasma 17␤-estradiol levels in Cyp2j5 (Ϫ/Ϫ) females were accompanied by changes in pituitary hormone secretion, we measured circulating levels of LH and FSH. Plasma LH and FSH levels were similar in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) females suggesting an inappropriate pituitary response to the reduced circulating estrogen (32, 33) .
Effects of estrogen replacement on blood pressure and afferent arteriolar responses
To begin to elucidate the relationship between CYP2J5, estrogen, and blood pressure regulation, we initially examined female Cyp2j5 (ϩ/ϩ) mice that had undergone ovariectomy or sham surgery, with or without estrogen supplementation. As shown in Fig. 5B , systolic blood pressure was significantly higher in ovariectomized Cyp2j5 (ϩ/ϩ) female mice relative to Cyp2j5 (ϩ/ϩ) female mice with intact ovaries (119.5Ϯ2.1 vs. 107.1Ϯ1.1; nϭ10 -25; PϽ0.001). In contrast, systolic blood pressures remained essentially normal in ovariectomized Cyp2j5 (ϩ/ϩ) female mice that received estrogen replacement therapy and in intact Cyp2j5 (ϩ/ϩ) mice that received estrogen supplementation (103.9Ϯ1.9 and 104.2Ϯ2.3 mmHg; nϭ7-10; PϭNS vs. intact Cyp2j5 (ϩ/ϩ) mice that did not receive estrogen supplementation) (Fig. 5B) . Importantly, whereas intact Cyp2j5 (Ϫ/Ϫ) mice had elevated systolic blood pressures (112.8Ϯ0.8 mmHg; nϭ24; PϽ0.001 vs. intact Cyp2j5 (ϩ/ϩ) mice), estrogen supplementation significantly reduced their systolic blood pressure to normal levels (102.9Ϯ1.6 mmHg; nϭ12; PϽ0.0001 vs. intact Cyp2j5 (Ϫ/Ϫ) mice; PϭNS vs. intact Cyp2j5 (ϩ/ϩ) mice) (Fig. 5B) . Together, these data indicate that 1) wild-type female mice exhibit increased blood pressure following ovariectomy only in the absence of estrogen replacement therapy; 2) estrogen supplementation alone has minimal effects on blood pressure in intact animals; and 3) the increased blood pressure in female Cyp2j5 (Ϫ/Ϫ) mice is estrogen-responsive.
To determine whether the increased vascular responsiveness in female Cyp2j5 (Ϫ/Ϫ) mice is also estrogenresponsive, we examined afferent arteriolar responses to angiotensin II. As shown in Fig. 5C , whereas estrogen supplementation had little effect on afferent arteriolar responses in Cyp2j5 (ϩ/ϩ) females, afferent arteriolar responses were markedly attenuated following treatment of female Cyp2j5 (Ϫ/Ϫ) mice with estrogen. Thus, the vascular responsiveness phenotype of female Cyp2j5 (Ϫ/Ϫ) mice is also estrogen responsive.
Estrogen biosynthesis and metabolism in female Cyp2j5 (؊/؊) mice
Since circulating estrogen levels were reduced in female Cyp2j5 (Ϫ/Ϫ) mice, we examined the expression of a variety of enzymes involved in sex-hormone biosynthesis at the mRNA level. Ovarian expression of StAR, CYP11A1, CYP17A1, 3␤-HSD1, 17␤-HSD1, and CYP19 were not significantly different between female Cyp2j5 (Ϫ/Ϫ) and female Cyp2j5 (ϩ/ϩ) mice (Fig. 6A) . Likewise, aromatase activities were not significantly different in ovaries of Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice (1037Ϯ154 vs. 851Ϯ174 fmol/mg/h, respectively; P ϭNS). Based on this data, we conclude that estrogen biosynthesis is not likely altered in female Cyp2j5 (Ϫ/Ϫ) mice.
Estradiol can be further metabolized via oxidation by a number of P450 enzymes, including members of the CYP1A, CYP1B, CYP2C, CYP2C, CYP2D, and CYP3A subfamilies (34). We did not detect significant changes in expression of any of these CYP enzymes in ovaries, kidneys, or livers of Cyp2j5 (Ϫ/Ϫ) mice relative to Cyp2j5 (ϩ/ϩ) controls (data not shown). Moreover, renal and hepatic microsomal metabolism of estradiol was similar in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice (Fig. 6B) . Notably, neither recombinant CYP2J5 nor recombinant CYP2J9 (see below) catalyzed estrogen oxidation (data not shown). Based on this data, we conclude that estrogen metabolism is also not likely altered in female Cyp2j5 (Ϫ/Ϫ) mice.
AA metabolism in Cyp2j5 (؊/؊) mice
Since CYP2J5 is active in the metabolism of AA to eicosanoids that can influence renal vascular tone and tubular transport processes (17), we examined AA metabolism in Cyp2j5 (Ϫ/Ϫ) mice and Cyp2j5 (ϩ/ϩ) littermate controls. Surprisingly, as shown in Fig. 7A , while there were some differences in renal microsomal AA metabolism between male and female mice, there were no significant differences between Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice of either sex. Moreover, urinary excretion of AA epoxygenase (EET) and hydroxylase (HETE) products was also similar between the 2 genotypes in both males and females (Fig. 7B) . Based on this data, we conclude that renal arachidonic metabolism is not significantly altered in Cyp2j5 (Ϫ/Ϫ) mice.
Disruption of a single gene can lead to compensatory changes in expression of other genes, resulting in altered fatty-acid metabolism. For example, recent studies have demonstrated that up-regulation of Cyp4a12 in Cyp4a14 (Ϫ/Ϫ) mice is associated with increased renal AA -hydroxylase activity, and down-regulation of Cyp2c44 in Cyp4a10 (Ϫ/Ϫ) mice is associated with reduced renal AA epoxygenase activity (13, 14) . To examine whether absence of CYP2J5 alters expression of other renal enzymes involved in AA metabolism, we performed immunoblotting of kidney microsomes prepared from Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice. As shown in Fig. 1D , while there were sex differences in the expression of CYP2C, CYP4A and CYP4F subfamily enzymes, and in the expression of sEH, renal expression of these proteins was similar in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice of either sex. Similarly, CYP4A10, CYP4A12, and CYP4A14 transcript levels were not significantly different between the genotypes (data not shown). Moreover, expression of eNOS, which modifies renal P450 expression and activity (35) , was comparable in Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice. Mouse CYP2J9 is expressed in kidney and is active in the metabolism of AA to EETs (36) . Interestingly, CYP2J9 expression was significantly higher in kidneys from Cyp2j5 (Ϫ/Ϫ) mice than in kidneys from Cyp2j5 (ϩ/ϩ) littermate controls (Fig. 7C) . Based on these data, we conclude that there is a compensatory up-regulation of Cyp2j9 in Cyp2j5 (Ϫ/Ϫ) mice and that this may account for the absence of observed changes in EET biosynthesis in Cyp2j5 (Ϫ/Ϫ) kidneys.
DISCUSSION
Control of blood pressure requires the complex integration of multiple regulatory systems. In addition to the renin-angiotensin-aldosterone system and endothelial-derived relaxing factors (e.g., eNOS, prostacyclin), there is growing support for the involvement of CYP enzymes and their eicosanoid metabolites in blood pressure regulation (1) (2) (3) 37) . Indeed, disruption of the Cyp4a10 and Cyp4a14 genes in mice causes increased blood pressure (13, 14) and a polymorphism in the CYP4A11 gene in humans is associated with essential hypertension (15) . In the current study, we disrupted the Cyp2j5 gene in mice to determine its physiological function. Our main finding is that female Cyp2j5 (Ϫ/Ϫ) mice have increased blood pressure compared with their female wild-type counterparts. The magnitude of the increased blood pressure is comparable to that observed in angiotensinogen gene duplication transgenic mice (38) . Furthermore, the increased blood pressure phenotype in Cyp2j5 (Ϫ/Ϫ) females is associated with increased left ventricular mass, increased proximal tubular transport rates, and enhanced renal vascular responsiveness to endogenous vasoconstrictors including angiotensin II and endothelin I. Importantly, the increased blood pressure in Cyp2j5 (Ϫ/Ϫ) females is associated with reduced circulating estrogen and estrogen replacement restores blood pressure and vascular responsiveness to normal levels. Together, our data provides direct evidence of a role for Cyp2j5 in blood pressure regulation in females and indicates that the vascular phenotypes in Cyp2j5 (Ϫ/Ϫ) mice are estrogen responsive.
Sex differences in blood pressure have been observed in humans and other species. In humans, blood pressure is lower in premenopausal females than in age-matched males; however, blood pressure rises with age in females such that the prevalence of hypertension is higher in older, postmenopausal females than in older males (39, 40) . In the SHR, higher blood pressure has been noted in males compared to females (29, 30) . Similarly, sex differences in salt-induced hypertension have been reported in Dahl salt-sensitive rats (41) . We and others have reported sex differences in blood pressure in multiple mouse strains, including Balb/c, DBA/2, 129/SvEv, and 129/SvJ (13, 42) . Sex hormones have been implicated in the pathogenesis of hypertension in both rodents and humans. For example, castration of male SHR reduces blood pressure to female levels and treatment of female SHR with androgen increases blood pressure to male levels (30) . Moreover, treatment of male SHR with an androgen receptor antagonist lowers blood pressure (43) . Likewise, hypertension in Cyp4a14 null male mice is associated with increased circulating androgen levels and castration normalizes blood pressure (13) . In contrast, estrogen has been proposed to control blood flow and peripheral vascular resistance via alterations in the release of endothelial mediators, such as nitric oxide, prostaglandins, and endothelium-derived hyperpolarizing factor (44) . Estrogen treatment attenuates the development of hypertension and ovariectomy increases blood pressure in SHR and Dahl salt-sensitive rats (45) (46) (47) . Furthermore, estrogen treatment of postmenopausal women leads to a reduction in blood pressure (48 -51) . Together, these studies suggest that while androgens are generally prohypertensive, estrogens tend to have antihypertensive effects.
Plasma 17␤-estradiol levels of female Cyp2j5 (Ϫ/Ϫ) mice are reduced to ϳ50% of the levels seen in female Cyp2j5 (ϩ/ϩ) mice of similar age. Indeed, the estrogen levels observed in young adult Cyp2j5 (Ϫ/Ϫ) mice are similar to those normally observed in older, postmenopausal, wild-type mice (52) . In general, estrogen levels do not differ significantly between mouse strains. For example, estrogen levels in wild-type female mice on a C57BL/6 background are comparable to those observed in wild-type mice on a 129/SvEv background in our study (27) . To determine whether the blood pressure and vascular responsiveness phenotypes in the Cyp2j5 (Ϫ/Ϫ) mice were related to their reduced circulating estrogen levels, we implanted sustainedrelease pellets containing 17␤-estradiol at a dose that has previously been shown to provide physiological levels of estrogen (22) . Importantly, estrogen replacement reduced blood pressure and vascular responsiveness in female Cyp2j5 (Ϫ/Ϫ) mice to levels that were comparable to those observed in female Cyp2j5 (ϩ/ϩ) controls. Moreover, ovariectomy to reduce circulating estrogen caused an increase in blood pressure in Cyp2j5 (ϩ/ϩ) mice, an effect that was abrogated by estrogen replacement. Interestingly, estrogen supplementation did not significantly alter blood pressures in intact female Cyp2j5 (ϩ/ϩ), mice suggesting that the antihypertensive properties of estrogen only occur when estrogen levels are reduced, as in the case of Cyp2j5 (Ϫ/Ϫ) mice. Enhanced renal vascular sensitivity to angiotensin II has been demonstrated in the early phase of hypertension in rodents and humans (53, 54) .
It has also been previously shown that vasoconstrictive effects of angiotensin II, endothelin I, and phenylephrine can be opposed by estrogen (55, 56) . Estrogen mediates its physiological actions via 2 estrogen receptors (ER␣ and ER␤). Both receptors are present in vascular endothelial and smooth muscle cells, where they exert vasodilatory effects through eNOS-dependent mechanisms (57) (58) (59) . Disruption of ER␤ in mice has been shown to enhance vasoconstrictive responses to phenylephrine and cause hypertension (60) . Whether the estrogen responsiveness of the blood pressure and vascular phenotypes in Cyp2j5 (Ϫ/Ϫ) mice is mediated by ER␣ or ER␤ or through nonreceptor mechanisms remains unknown.
CYP enzymes have been shown to be involved in estrogen biosynthesis and metabolism (34, 61, 62) . Indeed, many of the enzymes involved in steroidogenesis are CYPs including members of the CYP11, CYP17, and CYP19 subfamilies (61) . Furthermore, estrogens are eliminated from the body by conversion to inactive metabolites that are excreted in the urine and/or feces. The first step in the metabolism of estrogens is hydroxylation catalyzed by members of the CYP1A, CYP1B, CYP2C, CYP2C, CYP2D, and CYP3A subfamilies (34, 62) . CYP2J5 is not expressed in reproductive tissues (17) (unpublished results) and we did not observe any changes in the expression and/or activity of known steroidogenic pathway enzymes in Cyp2j5 (Ϫ/Ϫ) ovaries, suggesting that estrogen biosynthesis is not likely altered in these mice. Moreover, we did not detect significant changes in the expression of CYP1A, CYP1B, CYP2C, CYP2D, or CYP3A subfamily enzymes in ovaries, kidneys, or livers of Cyp2j5 (Ϫ/Ϫ) mice, we did not detect any alterations in renal or hepatic microsomal metabolism of 17␤-estradiol in Cyp2j5 (Ϫ/Ϫ) mice, and neither CYP2J5 nor CYP2J9 catalyzed the hydroxylation of 17␤-estradiol, suggesting that estrogen metabolism is also unlikely to be altered in female Cyp2j5 (Ϫ/Ϫ) mice. Therefore, the precise molecular mechanisms responsible for reduced circulating estrogen in Cyp2j5 (Ϫ/Ϫ) mice remain unknown. We postulate that catalytic turnover by CYP2J5 generates a yet-to-be-characterized mediator that modulates the levels of circulating estrogens. Our findings are reminiscent of the sexually dimorphic hypertension in Cyp4a14 (Ϫ/Ϫ) mice that is associated with increased androgen levels via unknown mechanisms (13) .
Estrogen biosynthesis in the ovary is tightly regulated by pituitary gonadotropins. Indeed, the reduced estrogen state that characterizes menopause is accompanied by increased pituitary gonadotropin secretion, and primary pituitary abnormalities can lead to reduced circulating estrogen levels and infertility (32, 33, 63) . In this regard, we found that LH and FSH levels were similar in female Cyp2j5 (Ϫ/Ϫ) and Cyp2j5 (ϩ/ϩ) mice, despite the reduced circulating estrogen in the Cyp2j5 (Ϫ/Ϫ) females. Thus, female Cyp2j5 (Ϫ/Ϫ) mice had inappropriately low gonadotropin levels for their level of estrogen, suggesting the presence of an altered pituitary-ovarian axis. Capdevila and co-workers (64, 65) have previously shown that EETs can act as secretagogues in the pituitary. Indeed, it remains possible that the impact of CYP2J5 deficiency is limited to the pituitary. Interestingly, the inappropriately low gonadotropin levels and reduced circulating estrogen levels in Cyp2j5 (Ϫ/Ϫ) mice were accompanied by reduced fertility.
EETs are potent vasodilators in a variety of vascular beds (2, 4, 7) . EETs have also been shown to modulate sodium and water transport in different portions of the nephron (2, 4, 66, 67) . For example, EETs inhibit sodium transport in the proximal tubule and inhibit sodium reabsorption and vasopressin-stimulated water reabsorption in the cortical collecting duct (68, 69) . We observed that female Cyp2j5 (Ϫ/Ϫ) mice have increased proximal tubular transport rates, which could result in increased intravascular volume and elevated blood pressure. However, salt loading had no significant effect on blood pressure in Cyp2j5 (Ϫ/Ϫ) females. Moreover, serum and urinary sodium (data not shown) and water conservation (measured by the ability to increase urine osmolarity following a period of water deprivation) were normal in female Cyp2j5 (Ϫ/Ϫ) mice. These findings suggest that the altered tubular transport rates likely contributed minimally to the elevated blood pressure in this model.
Although CYP2J5 is abundant in both kidney and liver and active in the metabolism of AA to EETs (17), we did not observe significant differences in renal or hepatic microsomal metabolism of AA in Cyp2j5 (Ϫ/Ϫ) mice, nor did their urinary excretion of EETs or HETEs differ significantly. CYP-derived eicosanoids have a relatively short half-life and their biological effects are often limited to cells in close proximity to their site of biosynthesis. Current methods to quantify eicosanoid levels at the whole body or tissue level are not sufficiently sensitive to detect changes in local concentrations of these metabolites. Thus, measuring EET production in whole kidney microsomes and endogenous EET levels in urine may have masked local changes that could potentially explain the observed phenotypic outcomes. In addition, several different CYPs may contribute to EET and HETE biosynthesis in kidney and liver (2) . Interestingly, we found that expression of CYP2J9, which is an active AA epoxygenase (36) , is increased more than 8-fold in female Cyp2j5 (Ϫ/Ϫ) kidneys. We postulate that this compensatory increase in CYP2J9 expression explains, at least in part, our inability to detect changes in renal EET biosynthesis and urinary EET excretion in Cyp2j5 (Ϫ/Ϫ) mice.
We previously reported sex differences in renal CYP2J5 expression in adult mice such that males had more CYP2J5 than females (70) . Castration of males resulted in decreased renal CYP2J5 expression, and treatment of castrated males or females with testosterone increased CYP2J5 expression (70) . In contrast, treatment of ovariectomized females or castrated males with estradiol caused a further reduction in CYP2J5 expression (70) . Thus, renal CYP2J5 expression is sex hormone-regulated. These findings are particularly interesting given the current findings of a sex-specific role for CYP2J5 in regulation of blood pressure via an estrogen-dependent mechanism.
In conclusion, our studies provide direct evidence for a role of Cyp2j5 in control of blood pressure, proximal tubular transport and afferent arteriolar responsiveness in female mice. Our data are also consistent with a role of Cyp2j5 in regulating circulating estrogen levels and implicate estrogen in the pathogenesis of the blood pressure and vascular responsiveness phenotypes of these mice. Further studies with the Cyp2j5 (Ϫ/Ϫ) mice may lead to a better understanding of the complex interrelationships between the blood pressure, sex hormones, and renal eicosanoids. 
